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ABSTRACT: 111 rec en/ \cJcrrr, \e>vrr(rl ttrrclrer have rucrri~rrrt~cl t l r ~  c>ffec.t of nirc rojrbrrl er11,ylr (MFA) on ~ o o d  
q~rnlrt\ Hov~~rv~i, ,  lrttle rr>reare 11 hor I?oc~n corldr(ctt~d r(poir the ymetrt nzc2r hanrrilrr c oi1trollrilg MFA. 111 thrr 
\trltl~, we rrrrrrlrrzcd the Izcrrtahrlrr\~ of MFA rrr lo l~ lo l l~  prize, Plnus taeda L., crnd r r r  g~nrtrc iulutron\hrpr ~'rtlz 
herglzt, clrcrrneter, vo l~ t r~e ,  ctnd ,per. ~ f r c  ginvrt\ Inc rc>nlrnt ( or<.\ we1 P t ol1cctc.d clt hrcw\t herght from 20 to 
25 proKen\ fron7 each of 12 to I7 c rosser (crinong I I parerit\) 112 trvo n~odrfiecl partrul-d~ullels rrz cl~fferent 
loccxtronr rn \outher11 Arhtri7\mr. Specific gmvrty war inerrrured on \rgmentr coi1turnrng rrngr I through 5 
~ n r l  on \~gmentr coirtarnrng rrngr 6 through 20 MFA wtrc metrrured on the e a r l ~ ~ ~ ~ o o c l  and latewood 
tectronr of rrng\ 4, 5, 19, trnrl 20 Rrng, 4 crnd 5 wer*e cl7osoir t r r  reprrrentc~trve of tort' wood and rrngr 19 
trrrd 20 ur repre~teiztatr~~c~ o f  outer wood. Anul) re\ of vcrrraire cJ revc~aled rtcrtr S ~ I ~ L I I I J  rrgr~~frcczi~t genptzc and 
envrronrneiitul rnfluerzt e\ 011 MFA. Srgnrfrcrli1t ,ycr~erc~l corizr">ri~rng rrl?rlrr~ (GCA), \l?ecr/ic coinbrrzrng uhrlrt~ 
(SCA), ernd SCA X block e/fec.fr riielrce~tecl that there c~re hot11 ~ c l c l z t ~ ~ ) ~  (2nd r~onmcldrrrvr genc.tic ri~flueiic er 
on MFA Ir~clrvrtlucrl-trw, ii(~rrn\+~-\erz\c~ Ir~rit~rh~lrt) (>\trrne7t~r v~~ort' vancrble, rrrngrng jroin 0 17for ee~t-IY- 
rtood (nizg) 4 MFA to 0 51 for r~arl\~~oocl (rrng) 20 MFA Genetre c orrelrrtronr hctccrcw MEA, rpec r f r c  
gr~zvrt), errzd thr growtlz tr(rrtr it'rre izon\rgr~rfrccint to l c ~ r g ~  e ~ t r ~ ~ ~ c r t ~ d  rtanrlcrrcl rrmrr. Sor~tk. J AppI 
For 28(4) 196-204. 
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I ~ n p r o v ~ n g  wood quality through tree improveslent ha\ 
become more Important than ever The 'lverage rotatloll 
length lor a wuthern plne piant'~tlon ha\ decrea\ed \~gnif'~- 
c'intly in lecent year\ Becaux ot the j h o ~ t e ~  rotation\, core 
wood now 'Iccount5 tor ,I higher pi-oportlon of ha~ve\ted 
wood than ~t ha\ In the pa\t Studle\ have jhown that core 
wood has both lower 5t1-ength ,lnd lowel den41ty than outel 
woocl (Pear \on 'tnd Gilmorc 1980, Schn~ewlnd and 
Calllmon 1986, Meg~aw et al 1909) Studle\ a lw have 
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\hewn that core wood ha4 gleatel longitud~nal \h~ink'ige 
than outer wood, making 11 Inole plone to delcct (Mcyl'ln 
1968, Megl'iw et ,il 1998) 

D~ffeience\ in Cole a id  outer wood propertle\ 'Ire in patt 
expla~ned by d~f-fe~ence\ 111 the angle of thew wood mlc~o-  
flbr~l\ T h ~ r  'ingle I \  commonly referred to a\ the mlcrot~bril 
mgle (MFA) and I \  nlea\uied '14 the angle at whlch the 
11ber\ 111 the ~ e c o n d a ~ y  cell wall deviate from the long~tu- 
dllial C ~ X I \  ot the cell Meg~aw et al (1999) found that the 
MFA In Lore wood c,in be 10 to 20° higher than the MFA 
In outel wood and h ~ g h e ~  angle\ have been ,~<\oclated with 
loweled \trength chnracter~\tic\ (Iflu ,lnd Kennedy 1962, 
Cave ,lnd Walker 1994, Evan5 '~nd Ilic 2001) 

MPA ha\ '1 \~gn~t icant  ~nfluence on paper and solid wood 
prope~tle\ FOI exalnple, 4tretch I \  gleatcl in pulp \beet\ 
cont'rlning f~ber \  w ~ t h  highel MbA\ than In pulp \beet\ 
contalnrng t~ber \  w ~ t h  lower MFA\ (Watwn and Dadswell 
1964. Horn and Setterholln 1088) St~etch I \  al\o greater In 
p'ipet tilade from c o ~ c  wood pulp th'ln In paper  node from 
outel wood pulp (W,~t\on 'tnd Dad\well 1964) Thl\ I \  





Table 1. Modified partial-diallel mating designs used by the Western Gulf Forest Tree Improvement Program; each 
unique number represents a single parent tree, each X represents a cross made, X* indicates a cross that was sampled 
for this studv. 

a. at Test GPO65 

b. at Test GP258 

Male$ 

Females 

and 20 samples using the X-ray diffraction technique de- 
scribed in Megraw et al. (1998). MFA measurements are 
identified by their corresponding within-ring position (ear- 
lywood, latewood) and ring number (4, 5, 19, 20) and are 
reported in degree deviations from the longitudinal axis of 
the cell. 

Males 

Growth Measurements 
Height and diameter at breast height (dbh) measurements 

were taken at several ages in each test prior to the collection 
of core samples. At GP065, growth data were collected 
from all trees at ages 5, 10, 15, and 20. At GP258, growth 
data were collected from all trees at ages 15 and 20, while 
only the interior I6 trees of each plot were measured at age 
10. Volumes at ages 10, 15, and 20 were expressed as mean 
annual increnient (cubic meters per hectare per year) from 
the growth data. Only data from trees with MFA and spe- 
cific gravity measurements were used in subsequent 
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Statistical Analyses 
Analyses of variance were conducted using a modifica- 

tion of  DlALL (Schaffer and Usanis 1969), and the Simple 
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Interactive Statistical Analysis (SISA) (Uitenbroek, D.G., 
www.horne.clara.net/ sisdsignif.htm. Accessed Feb. 22, 
2003). A statistical model containing block, general com- 
bining ability (GCA), specific combining ability (SCA), and 
the SCA X block interaction was used to estimate genetic 
and environmental effects for microfibril angle. Variation 
due to the GCA X block interaction was pooled with the 
error because it was not significant for any of the traits 
studied. The model used in the analyses was: 
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where Y,i,, is the observation on the ijklih tree, p is the 
population mean, B; is the effect due to the it" block, G, and 
G, are the effects due to the general combining ability of the 

,jth and kt" parent, respectively, S,, is the effect due to the 
specific cornbilling ability of the j'" by kth cross, SBQ, is the 
effect due to the SCA X block interaction, and e,,,,, is the 
within-plot residual error term. All variables were treated as 
random effects. Sums of squares and F-test statistics were 
calculated using DIALL and significance levels were cal- 
culated using SISA. DIALL was also used to generate 
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variance and covariance components and coefficients for 
estimating individual-tree narrow-sense heritabilities and 
genetic correlations. Individual-tree narrow-sense heritabil- 
ity was calculated using the equation for the WGFTIP 
partial diallel as reported in van Buijtenen and Yeiser 
( 1989): 

where t$ is the variance component for GCA, crf  is the 
variance component for SCA, c<,, is the variance component 
for SCA X block and c< is the variance component for the 
within plot residual error. Standard errors for the heritability 
estimates were approximated according to the methods of 
Gordon et al. (1 972). 

Additive genetic correlations were estimated as hllows: 

Exploratory data analysis of GPO65 revealed that late- 
wood 19 and earlywood 20 MFA measurements were in- 
termediate to earlywood 19 and latewood 20 MFA measure- 
ments. Pair-wise r tests based on individual tree measure- 
ments showed that latewood 19 and earlywood 20 MFA 
values were significantly different from earlywood 19 and 
latewood 20 MFA values but not from each other at the a = 

0.05 level (data not shown). It appeared that some of the 
latewood 19 samples were contaminated with earlywood 
fibers and some of the earlywood 20 samples were contain- 
inated with latewood fibers. Several of the sampled trees 
from GPO65 had very narrow growth rings and clean sep- 
aration of the earlywood and latewood within rings 19 and 
20 proved to be in~possible with our methods. Thus, the 
latewood 19 and early wood 20 measurements from GPO65 
were excluded from further analyses. To rninirnize the risk 
of contamination among additional samples, earlywood 19 

where c ~ , ~ ,  is the additive genetic covariance of traits x and measurements from 82 trees with narrow growth rings were 

y (estimated as 4 times the covariance component for also excluded. 

GCA,,). and (T2,t and (2- are the additive genetic variances Contamination was not a problenl at GP258, where late- 

of traits x and y, as 4 times the wood 19 MFA was significantly different from earlywood 

variance components for GCA, and GCA,). Standard errors 199 earl~wood 20, and latewood 20 MFAs. On average, the 

were approximated according to the  neth hods of Scheinberg difference between latewood 19 and latewood 20 MFAs 
(1966) and used to determine the significance of the genetic was less than a degree. However, average differences be- 
correlations. Correlations greater than two standard errors tween the outer wood early- and latewood MFAs ranged 
from zero were deemed significant. from 4.5 to 5.7'. Earlywood 19 and earlywood 20 MFAs 

Table 2. Site means (with standard deviations) and the range of full-sib family means for wood quality and growth 
traits in loblolly pine at two progeny tests in south Arkansas. 

-- - 

Site mean Site 

Earlywood 4 M F A  41.4 (3.6) 38.8-43.7 39.1 (4.3) 37.011.8 
1.atewood 4 MF;A 43.0 (4.2) 39.6-45.8 4 1.4 (4.4) 38.%44.0 
Earlywctod 5 MFA 41.2 (3.8) 38.2-14.0 38.9 (4.0) 36.710.0 
Latewood 5 MFA 4 1.6 (4.7) 37.045.4 40.0 (4.5) 37.044.2 
Earlywood 19 MFA 3 1.3 (5.1) 28.1-33.7 25.4 (7.8) 20.2-32.0 
I2alewood 19 MFA" 2 1.3 (8.3) 13.3-26.6 
Earlywood 20 MFA" 25.7 (7.8) 18.3-31.2 
Latewood 20 MFA 20.8 (8.40) 16. I--26.8 20.1 (8.4) 12.4-25.7 
Core wood hp .  gii-.' 0.40 (0.03) 0.37-0.42 0.43 (0.03) 0.4 1-0.46 
Outer wood sp. gr.' 0.50 (0.03) 0.46-0.55 0.52 (0.03) 0.48- 0.54 
'l'otal sp. gr.' 0.45 ( 0 . 03 )  0.42-0.49 0.48 (0.03) 0.46-0.50 
Height 5 (in)" 2.5 (0.7) 2.1--3.0 
I>i;imeter 5 (cm)" 3.2 (1.4) 2.2-3.0 
Height 10 (m)  8. I ( I  .O)  7.4-0.0 8.9 ( l .O)  7.7 10.1 
Diarncter I0 (cm) 14.0 (2.4) 11.5-15.9 14.3 ( 1.9) 12.6-1 6.0 
Volume I0 (mZ/ha/y~-) 7.4 (3.0) 4.7- 10.0 8.3 (3.0) 5.6-1 1.3 
Heighr 15 ( n ~ )  13.8 ( 1 . 1 )  13.014.7 13.9 ( l .O) l2.% 14.9 
t>i;tmeter 1.5 (cnl) 10.5 (3.1) 10.3-22.0 20.1 (2.1 ) 18.9-22.0 
Vol~ime 1 5 (in3/ha/yr) 20.5 (7.1 ) 13.8-27.0 21.7 (5.4) 17.7-27.1 
Height 20 ( ~ n )  17.8 (1.3) 16.8-1 8.0 18.1 (1.2) 16.7- 19.4 
Diameter 20 (cm) 23.6 (3.0) 10.4-26.9 24.5 (2.6) 22.8--27.0 
Volume 20 (n~'/h;~/yr) 29.2 ( 10.5) 19.2- 38.6 3 I .4 (7.9) 25.3-40.4 

" All n~icnrfihril :inglc me:l\ilrernent\ arc I-epoi-tcd in degree dc\~inlion\ froin rhe lorigitudiilal xxih 01' the cell 
" l.a~ewood I 0  :trrd c;illywtrod 20 MFA nren\urenrenlh froin <;PO65 were excluded clue to corrupt \nnlplc\ (\ec K e r r l t s ) .  
' ('ore wt)oJ \pcuilic g m i l y  I \  the \pecif~c gra\rty of the ccnter piecc of tlic core ~.ont:ilning ring\ I throngh 5 (5-0-5): outer woml \pcclfic g ~ ; ~ \ i t y  I \  the wcighteii avcrnge 

of  the two radical piece\ coill;lining ring\ 6 thrirugh 20; total \pecific gr;lvity I \  rhc wcipliteil ;ivcr;~gc 01' the center and two r:rdlal [)icce\: weight\ ba\ed oil the length of 
each piece. 

' Ite~glit 5 iiiid diai~~etei-  5 were iiot nrc;~hured In G1'25K 



wcle not \ ~ g n ~ t ~ ~ a n t l y  drllerent I ~ o m  e,tcIi other ( a v e ~ a g e  
ti~tterence o t  le\\ t h m  0 3") 

ILatcwootl MFA\ In the core wood wcr-e \~gn~frcan t ly  
d~lfercnt  between rtng\ 4 'tnd 5 'tt both v te \  (average 
d~tfetcnce\  of 1 5 ‘inti 0 5" ,it GPO65 ; ~ n d  GP258, re\pec- 
t ~ v e l y )  They ,tl\o were \lgn~ttcantly d~t te ren t  t t o ~ n  core 
eat lywoocl MFA\ ,kt both \lte\ ( a v e ~ ~ i g e  d~tfetence\  of 0 4 to 
1 7" ,ind 2 0 to 2 2 '. tc \pect~vcly)  Eal l ywoocl 4 ,ind 5 
MFA\,  howevc~,  wcle not \tgn~ltc,tntly d~fferent from each 
othel- ,tt e ~ t h e r  \lte (average dlftetence\ of 0 2" at both \tte\) 

A wlde range of MFA v,ilue\ w,i\ ob\etved ~irnong 
1~111-\1b tatnlllc\ ,it both progeny te\t\ (Table 2)  At both 
\ltej, I,~tewood MFA5 rn the core wood were gre'itel than 
earlywood MFAs and tended to be mole va t~ab le  than 
e'trlywood MFA\ 'The convel \c w,i\ trite 111 the outer wood 
w l i e ~ e  ea~lywood MFA\ werc gle'ttel than latewood MFA\ 
MEA\ In general were greater .it GPO65 than at GP258 

Cole wood 'ind tot'tl \ p e c ~ f ~ c  g t a v ~ t y  mea\urernent\ werc 
5l1ghtly h~ghe t  ,it GP258 tli,in ,it GPO65 However, outer 
w o o d - \ p e c ~ t ~ c  gr:~v~ty mea\urenient\ were \llnrlal- ,it the two 
\ ~ t e \  Age- I 0  h c ~ p h t  mea~urcment \  were greater at GP258 
than at GPO65 due to 'i \evele t ~ p  moth (Uhvtrtrorzlrr frlrr- 
trrrrlri Co~n\ tock)  rnfe4tatlon at GPO65 but age- 15 'tnd 
'tge-20 he~ght  mea\urement\ were \1m11ar at the two \ ~ t e \  
On average, ti~ati~etet measurement\ were almost identical 
at both vte5 at all ages but the lange of tanilly mean\ and 

the v,tt l,tnce\ c ~ b ~ ) ~ t t  thaw mecln\ w e ~ e  g ~ e a t e r  ,kt  GPO65 t h m  
at GP258 A \  ,I tewlt ,  tree\ w ~ t h  \mall d l , t ~ i ~ c t e ~ \  wele 
pre\ent In d l  of the t , lm~llc\ In GPO65 

Analy\c\ ol var-lance ~clent~tlcci \ ~ g n r t ~ c a n t  gene t~c  'tnd 
e n v ~ ~ o n r n e n t ~ t l  ettect\ ( ( 1  = 0 1 ,  T'iblc 3) for ,ilmo\t 'ill of 
the MEA mc,t\ii~ement\ taken An cw level ot 0 I ~ C I \  ir\ed 
f o ~  thew .tnaly\e\ hecau\e ot the unhal,~nced \ample 
and 5rn'lll nurnbet ol d e g ~ c e \  ot treedom lo1 GCA , ~ n d  SCA 
effect\, anci becau\c the pre\encc of comprc\\lon wood ,tdd\ 
ellor v,lr~,tt~on ( M e g ~ a u  et al 19%) At GP065, GCA 
effect\ wele \t,ttt\t~cally \ ~ g n ~ l ~ c , i n t  to1 e,irlywood 4 ,tncl 5 
MFAI and lor latewoocl 4, 5, and 20 MFA\ SCA eflccts 
were only \tgntttc,tnt for latewood 5 MFA\ but SCA X 

block cttect\ wctc \ t '~ t~ \ t~c '~ l Iy  \ ~ g n ~ f ~ c a ~ i t  tor carlywood 4 
,tnd 5 MFA\ 'lnd for latewood 1, 5,  and 20 MFAs At 
GP258, GCA eflects were ~ t a t ~ \ t ~ c ~ t I l y  \rgnrf~cant tot- early- 
wood 4, 19, and 20 MEA\ ,lnd lo1 ,111 ol the I,itewood MFAs 
'inti SCA e l tech  were \ tgn~t~c, tnt  to1 latewoocl 5 c~rid late- 
wood 20 MFA\ SCA X block etfect\ wele \rgnlf~cant for 
earlywood 'tnd latewood 4 MFA\ w h c ~ e  Ine'tll \quare\ wete 
\ t n ~ r l a ~  In magnrtude to [how for SCA 

Ind~vrdual-tree nan-ow-\cn\e herrtab~lrty est1tnate4 wele 
low to moderate for all MFA mea\ulement\ (Table 4) At 
GP065, they ranged from 0 21 tor latewood 20 MFA to 0 41 
for earlywood 4 MFA At GP258. they rangeci 11-om 0 17 Pol- 
ea~lywood 4 MFA to 0 51 tor earlywood 20  MFA 

Table 3. Analyses of variance for earlywood and latewood 4, 5, 19 and 20 microfibril angle. 
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Table 4. Individual-tree, narrow-sense heritability esti- t1o11\ were '11 GP258 between core latewood ~ tnd  outer 
mates (with standard errors) for microfibril angle, SPe- e,lrlywood (T'lble 5b)  The mnlonty ol genetlc correldt- 
cific gravity, height, diameter, and volume in loblolly Ion\ between MFA and s p e c ~ t ~ c  gr'tv~ty were not s ~ g n ~ l ~ c a n t  pine at two test sites. 

at erther ~ t e  (Table 5 )  nor were the malorlty of correl'tt- 

Iiitrlywood 4 MFA 
1.ateu~0~1d 4 ME'A 
E:~~-Iywood 5 MFA" 
l.atewootl 5 MI:A 
Earlyuootl I 9  MI-'A" 
I.arewootl 10 MFA' 
Early\vood 20  MI-A' 
1,atcuood 20  MFA 
CIP" 
oLl\g,' 
.TC@" 
Height 5' 
Height 10 
Iliameter 10 
VolLtlllc 10 
Height 15 
Iliameter 15 
Volume 15 
Hcight 20  
Di;~rncter 20  
Voltlmc 20  

I c\ t  GP258 
11id11 tree 

0 1 7 -  01 '3  
0 40 ' 0 I", 

" No \ign~fic;~nt genetic cfl'ccl\ detected at (i1'258 l i~r  earlywood 5 MFA. " No \ipniCicant pcnctic etfcct\ detected ;I! (iPOh5 for carlyuood I0 M F A  or 
di:in~cter 5. 

' I.atcuood 19 ;111il c;~rly\r,ood 20 M F A  rne;r\ure~iientr Sri)~ii (i1'005 \\el-e 
esi.ludcd ilue to col.~-upt \ample\ (we R ~ ~ r ~ r i r s ) .  

' I  C\g - core i\'ooJ \pcclfic grant).. Oa\f  - otitc~- uooil ;i\el.ape \pec~lii. 
gSLl\lty, 'r\f :- 10t;ll \~3~L'lfli. gGl\lly 

' He~gl~t 5 N;I\ #not I ~ I C ; I \ I I I - ~ ~  i ~ i  (il'258. 

Addtttve genetlc cor I eldtlon\ betweert MFA, y e c ~  I I L  

gr'tvrty, he~ght ,  d ~ d m e t e ~ ,  'lnd volume ale  pre\ented 111 Ta- 
ble\ 5 and 6 Cole wood MFA5 were po\rt~vcly correlated 
w~t l l  outer wood MFA\ dt both 51te4 but the c o ~ r e l a t ~ o n \  
were mo\tly non\ rgn~t~cant  The only \rgn~tlcant co~re la -  

Ions between the wood qualtty trart\ and the growth trait\ 

(Table 6) .  

Discussion 

The rarlge of MFA t,tl~re\ ob5e1-ved rn 1111s study wds 
\I~ghtly greatel than those reported by I>onuld\on ( 1  992, 
1993, 1997) and Megraw et a1 ( 1998) Donrtld\on ( I  997)  
found MFA\ I-anglng from 3 0  to SOo In core wood and from 
15 to 25' In outer wood ol I' rurlrrrtri. Megraw et al ( 1998) 
ob\erved mean MFA value\ above 35" tn growth ring\ 1 
through 5 and MFAI trom 20  to 35" in ring\ 6 through 2 0  
In loblolly plne (at 1.22 m) In t h ~ \  study, core wood MFA 
value\ (e\ t~mated u v n g  ring\ 4 'tnti 5 )  ranged from 2 1 to 54" 
at GPO65 and t r o ~ n  22 to 54" ,it GP258 Outer wood MFA 
value\ (est~mateti ujlng ring\ I0 and 20) rangcti from 7 to 
43" at GPO65 and from 5 to 46" at GP258 The difference\ 
between t h e  value\ and tho\e reported In other \tuciic\ d o  
not appear to be a rc\ult of \electron on the parents o r  
t111nnrng In the progeny test\ slnce the mean MFAI of the 
unrmp~oved checklot were lnterrnedrate to tho\e ot the 
f ~ u n ~ l t e \  In GP258, the 5lte that wa\ \~lv~cultural ly  thlnned. 
In<tcad, the wtder range of MFA value\ repol-ted in t h ~ \  
\tudy I \  probably due to a much larger \ample w e  and the 
pre\er~ce of cornpre\\lon wood In tile core\ Over 650 tree\ 
were sampled In t h ~ \  \tudy w h ~ l e  only 5 to 15 tree\ were 
\ampled by Don,~ld\on ( 1992, 1993, 1997) 'tnd approxr- 
mately 100 tree\ were \ampled by Megraw et a1 ( I  998). 
Both Donald\on ( I  992, 1993, 1997) ,tnd Megraw et '11 
( 1998) excluded \ample\ w ~ t h  compres\1011 wood ~CC;ILI \C  

compre\\lon wood can have a h ~ g h e r  MFA No exc lu \~on\  

Table 5. Estimates of the genetic correlations (with standard errors) between microfibril angle and specific gravity 
(Significant correlations, P 5 0.05, marked with *). 

I_% 4 1 0 1 '  (0 IS) 
I a 5 I 0 1  ' (0 16)  I OX (0 I I )  
I M I9 0 68  ( 2  00 )  0 0 3  (0 45)  0 90 (0  72) 
I u  11) 0 7 7 1 1  71 )  0 8 1 ( 0 7 1 )  OXOlO50) 1 0 2 1 ( 0 1 9 )  
I u 20 0 70 ( 2  17)  0 80 ( 0  51) 0 9 7  ( 0 4 5 )  I OX' (0  12) 0 92 20 12) 
I u 20 0 05 (1 27) 1 01 ( 1  Oh) 1 0 2  (0  85 )  1 10 ( 0  X I )  I Oh 1 0 0 0 )  l 0 0  (0 10) 
g 0 '30 ( 4  47 )  0 (14 ( I  61)  0 50 ( 2  51) 0 6 3  ( 2  13) 0 52 ( 2  (17) 0 55 (2  16) - 0  6 0  ( 2  77) 
0 0 '32 ( 4  23)  0 55 ( I  05)  0 56 ( 2  1')) 0 8')* ( 0  '31) 0 75  ( 0  81 )  0 7 1  0 I 0 88  (0 77) 0 60  ( I  17) 
I \ g  O 36 ( 4  00)  0 60 ( 1  63 )  - 0 58 ( 2  10) 0 82  ( 0  70)  0 68  ( 1  2(1) 0 69 ( 1  00 )  O 81 ( 0  85 )  0 O O d  (0 17) 0 0 4  ( 0  00)  

' 1 u I,itc.uoo(i MI A I-n L ~ I I I \ U ~ O C I  \$t ,\ 
( \g 'ole NO(I<I \ ~ ~ L I I I L  !LI'l\ I t \  O'l,? ~ l l l t ~ i  \\<l<l<t l\eld:c ,pe<lll< p s i \  I t \  I \: tOt<lI \ ~ C ~ L I I I L  !2l ' i \ l t \  



Table 6. Estimates of the genetic correlations (with standard errors) between wood quality and growth traits 
(Significant correlations, P 5 0.05, marked with *). 

MFA Specific Gravity 
. - -  ~~ ~ ---- 

C,g'7 Oa\gl' .I.,~~) 
HI 5 
111 I0  
11 10 
vo i  

I 0  
Ht 15 
11 15 
Vol I5  
H i  20  
11 20 
Vol 20 

111 10 
1) 10 
VOI 10 
tl t  I5  
I>  15 
Vol I 5 
Ht 20 
1) 20 
Vol 20  

0 0 2  ( 7  00) 
0 10 ( 4  01)  
0 1 3  ( 5  18)  
0 27 ( 5  98)  
0 75 (2  85 )  
0 60 ('3 72) 
0 1 7  (6  01) 
0 84  ( 1  Oh) 
0 81 ( 2  87 )  

wele made b a d  o n  the pr-c\ence of cornple\\ron mood In 
t h ~ s  \tudy 

At both \1te\, MFA w , ~ \  greate\t 111 ring 4 and lowe\t rn 
Ilng 20  S r m ~ l a ~  prtli-to-b'irk d e c r e a m  In MFA were noted 
In p r e v r o ~ ~ \  \tiidle\ o t  I-' frrorltr 'ind P rciditrttr (Bendt\en and 
Scnft 1986, Donalcl4on 1992, 1993. Megr'tw et '11 1998) In 
both \pecle\, the relatlon\Ii~p between MFA 'lnd Itng pwr-  
troll ha\ been shown to be ,I curv~l~ne, i r  clcclllle I n  the col-c 
wood, MFA w,i\ greater rn the I,itewood than In the early- 
wood The conveI\c w , ~ \  true 111 the outer wood Th'lt I \ ,  

outel earlywood MFA\ were gieater thdn outel 1,ttewood 
MFA\ Thr\ patterri wc1s noted by Megl'tw et '11 
(1998) In that \tudy, latewood MbA\  wele gre,ttcr than 
e,~rlywood MFAI ~ l n t ~ l  rrng 7 (at 1 22 rii) A t t e ~  rlng 7, 
earlpwood MFA\ exccedeci latewood MFA\ 

K c ~ l t s  of the ,tnaly\e\ oi v,lrl,lnce were comparable 
L ~ C I O \ \  51te4 GCA w,t\ \lgnrf~cant to1 lno\t of the MFA 
Inea\urement\, ~ncl~catlng th,~t there ale 'iddlt~ve genetic 
efteel\ rnfluenc~ng MFA The only MFA me,i\ure~iient tor 
whrch GCA w,t\ not \rgnrf~cnnt at G1'065 w,t\ earlywood 
19 Though attempt5 were made to rnlnrmr/c the contamr- 
n'ttron of e a ~  lywood 19 mca\urenient\ by excludrng t ~ e e \  
wrth narrow growth 11ng4, the prc\ence 01 I,~tewood fiber\ in 
the rernarning e,lrlywood 19 \,lrnple\ lriay have ~ncrea\ed 
the error varlance 'tnd tIit~\ br,i\ed the re\ult\ of the a n , ~ l y \ ~ \  
of vitrt'tnce (ANOVA) The 82 cnrlywood 19 tnea\urement\ 
exclucled were not dr\tr~butccI equally alllong t,trn~lte\ P x -  
ent\ lo\t between 16 'lnd '31 ob\e~v,it~orl\  each 'ind cro\\e\ 

lo\t between 2 'tnd 8 ob\e~v,ttron\ cilch Lo\\ ot degrees ot 
f~eedorn due to unequal \ample w e \  and to the exclu\lon of 
s'lrnple\ could ,11\o have bl,~\ed the ~ e \ u l t \  

In add~tlon to c i d d ~ t ~ ~ ~  gelletlc etfect5, ~t 'rppe'irs that 
non,iddrt~ve genetlc effect5 ,il\o ~nfluence MFA Th14 15 

cons14tent with tlie QTI. work ot Sewell e t  a1 (2000) At 
both tc\t \ ~ t e \ ,  the SCA effect wa4 \ ~ g n ~ f ~ c a n t  tor \ome 
1,itewood mcci\ir~ernent\ ,ilici the SCA X block effect w ~ i r  
\ ~ g n r l ~ c , ~ n t  lo1 \onie core wood me,~\urcn~ent\  The \1gn11- 
rcance of the SCA X block tnterdct~on \ugge\t\ that non- 
, t d d ~ t ~ v e  gene\ codlng lor MPA may be \en\ltlve to cl?,tnge< 
In the et lv~~orlment  L a g e  ch'inge4 rn tull-51b t'lni~ly r m k  
'ICIO\\ block4 \ i~pport \  t h ~ \  te\ult (ciat'~ not \hewn) How- 
ever, the \ ~ g n ~ f ~ c a n c e  of the SCA X block rnterdctlon !nay 
\Imply be a product of w ~ t h ~ n - p l o t  varlatron or the fact t h ~  
therc wele 'I l a ~ g e  n u m b e ~  ot cfegree\ of t~eedoni  for the 
SCA X block effect, e \pec~,~l ly , ~ t  GPO65 

Indrvrdu,~l-t~ce, 11,irrow-\en\c h c r ~ t ~ i b ~ l i t y  e\t~m,lte\ tor 
the MFA me,i\urernent\ wcle low to modelate The true 
her~tabl l~ty of MFA 111 loblolly plne may be lower than 
~cpor ted  rn t h ~ \  \tudy Recau\e t h e ~ e  were no t u l l - \ ~ b l ~ n g  
f,lrnrlles cornmon to both \rtc\, the \~gntt~c, ince of gelletre x 
e n v ~ ~ o n m e n t  Inter'tctron\ could not be te\ted Should ,I \lg- 
n~frcant genetrc X envrionment Inter,tctlon c x ~ \ t ,  the herl- 
tabllrtle\ reported In t h ~ \  \tudy would overe\trmate the true 
h e r ~ t a b ~ l ~ t y  of MFA On tlie other hand, the true her~tabrlrty 
01 MFA m'iy be m ~ i c h  h~glicr  th'in ~ e p o ~ t e d  here but the 
lrrn~ted \'lriiple \1/e ava~l~ tb le ,  \m,i11 nuriibe~ of d e g ~ e e \  of 



freedom rnvolvcd, and acided error var r'ttron trom comprc\- 
\ran wood may h ~ v e  c,iu\ed an undere\trrnate Thr\ niay be 
the caw tot \pecrfrc gr'ivrty, whrch 14 generally con\ldered 
to be hrghly herttable Megraw (1985) reported that rt I \  not 
uncommon to \ee narrow-\enw herrtabrllty c\trmate\ tor 
\pecztrc gr'ivrty exceedrtlg 0 5 I n  our \tudy, nar-row-\enre 
herrtabrlity e\trrnate\ for core wood \pecttrc gravrty re,iclied 
only 0 33 to 0 35 However, rt \houlti be noted th'tt \pecrflc 
gr,tvrty rnea~urement< wcre taken o n  ~rnextr~icted roclenient 
cores th'it were collected at rn'iturrty The presence ot Ic\rn\ 
and other extractrve\ In the core portroll could al\o h,ivc 
lowered tlie e\trrn,tte\ 0 1  core wood herrtabllrty 

Genetre correl,ttron\ hetween MFA rnea\urement\ wcre 
moderate to high even thougli mo\t were non\rgnrfrcant 
(Table 5) The tact that ,111 conelatron\ were po\ltrve hct\ 
rmportant ~riiplrc~tron\ tor tree rriiprovernent It the drrec- 
tron ot the ttue correlatronj I \  In fact po\rtrve, me,l\urcrnent 
'tnd 4electlon o n  ,I suh\et 01 core wood MFA\ could rndr- 
rectly rmprove/decrea\e the MFA throughout the core wood 
,tnd rriiprove core wood qu'tlrty Th15 I \  e\pecrally rrnportant 
now that core wood '~ccount\ for a greater proportton ot the 
wood harve\ted irom \outhem ptne plantatlor14 Should the 
po\rtlve correlatron\ between core and outer wood MFAs 
also reprcjent the true directron ot the correlation\, early 
\electron on core wood MFA could have a benelrcral effect 
on outer wood MFA\ a\  well ‘inti rewlt In rmprovernent4 In 
the wood clualrty of the whole tree On the other hand, 
jhould correlatron\ between core and outer wood MFA\ 
prove to be non\rgnlfrcant, early \electron on cote wood 
MFAs would not affect outer wood MFAs Thr5 al\o could 
be bcnetlclal bec,tu\e ~mprovernent\ could be rilnde In core 
wood MFAs wrtho~it causrng 'I corre\pondrng change In 
outer wood MFA\ and a more urirform dr\tr rbutton ot MFA\ 
could be ,~chreved trom prth to b'irk Thr\ would mean 
board\ cut acre\\ multrplc rrng\ would have more ~rnrtorrn 
\hr~nkage propertre5 anci would be le\\ pione to crooh 

A genetrc cor-rcldtron between MFA 'ind growth rate 'il\o 
would have rrnportant rmplicatron\ tor tree rmprovenient 
Studre\ have \hewn that tracheld length dec~ea\e\  wrth 
rncrea\ed drainetei growth rate becau\e the length 01 tlie 
cambral rnrtral\ decrea\c\ (Megr ,tw 1985). Studre\ al\o have 
\hewn that MPA rncrea\e\ a\ trachcrd length decre,i\c\ 
(Meg~aw 1985) Although the\c \tudre\ were bCt\ed or1 
phenotyprc data. thr\ ~mplres th,it tree\ wrth a greater dram- 
eter may have ,I greater MFA than 4rnaller tree\ ot the m n e  
,lge The jrgnrtrcant, po\rtrve genetic correlatron between 
I,~tewood 4 MFA 'ind drariieter growth at ,ige 10 tn GPO65 
\upport\ thr\ deductron (T'ible 6d) However, bec,iu\e the 
rn,tjorrty of correl,itron\ between MFA 'trid dr,imeter were 
not precr\ely e\trmatcd, caution \liould be u\ed In rnterpret- 
lng the re\~rlt\ of thrj le\earch '14 pro01 of 'i po\~trve genetrc 
relatron\hrp between MFA 'tnd clrameter growth 

Po\rttve genetrc correlatron\ between MFA and growth 
trart\ 'ire untavorablc bec,iu\e they rndrc'ite that \electron 
tor ~ncre~tred volurii~ growth c'in rc\ult rn rncreased MFA 
Negatlve relatron\hrp\ between herght, drarneter, or volume 
'ind MFA would be more favorable tor a tree ~mprovernent 
program becaux they rriiply that srmultaneoui rmprove- 

rnent 111 ,111 ot the trarts 15 l,o\\rble Neg'ttrve corrclatrons 
were ob\erved at both \rte\ but a11 had Icirge \tand,~rd error\. 
rridrcatrng that they may not be relrdble e\trmates Adcir- 
tronal re\earch 14 needed to precr\ely e\tlrnate genetrc cor- 
rel,ltron\ between MFA ,tnd glowtli tr,trt\ 

Neg'itrve genetrc corrclatron\ between MFA ,tnd total 
core-\pecrfrc grakrty a140 would be t,tvor'tble lor CI tree 
rrnprovenient progr'lm They rrnply th,it plogcnre\ wrth hlgh 
\peerhe gr'lvrty ,tlso w111 h'ive low MFA and th'it breedrng 
for rmprovement~ In \pecrtrc gr,tvrty, whrch I \  Ie\\ expen- 
\rve to me,i\ure and h,l\ ,I hlgher herrt,tbilrty th,in MFA, wlli 
rriiirrectly p~oduce cies~r-'ible change\ In the MFA The ge- 
rletrc correlatron\ between MFA 'ind total speclfr~ gravrty 
wele rniprecr\ely e\ttrn,~ted arid not \rgnrlrc,tntly drtferent 
trorii /era E\trrn,tte\ 11 om the two \Ite\ were alnio\t ,ilway\ 
oppo\rtwr~ 5%~". ertliel becau\e the genetrc \,implc\ were 
drtterent or \rmply by c l ~ ~ ~ n c e  (Table 5) Theretore, rt  I \  not 
po\\rble to dr'tw infelence\ trorn the trend\ 

Specrtrc gr'tvrty 14 highly herrtable 'ind \tudre\ by T'ilbert 
et dl (1983) \uggc\t that I'irge gun5 In jpecrtrc gr'lvrty Lan 
be made through \electron However, \electron tor \pwdrc 
grCtvrty 1s rarely undertaken In exr\trng loblolly prne bleed- 
rng progr'tlns becau\e ot the overwhel~nrng Importatlee of 
growth character~\t~c\ Lrkcwr\e, MFA 1s not u\ed becau\e 
there 15 a Idch of genetrc data dnd there I \  a hrgh co\t 
,i\\ocr,tted wrth rtj rne'I\ulement It new breecirng progr,tm\ 
were desrgned to tocu\ on wood qudlrty rather than \olely 
on f'i\ter growth, the result\ oi thr\ \tudy juggcjt th'tt both 
trrlrt4 C O L I I ~  be rncorporated Into \electron jtrategte\ How- 
ever, dependtng on the drrectron ot the true colr-eldtron 
between the trart\, rridrrect \electron tor MFA and 41multa- 
neou\ g,un\ In both \pecrtrc gr'ivlty and MFA may be 
rnie'i\rble Therefore, the development of \electron rridrce\ 
wrth proper werght5 tor edch trart wrll be nece\\dly before 
\pecllrc gravrty and MFA c'in be ~ncor-por'tted Into ,I breed- 
ing prog~~irn Better e\trm,tte\ ot genetlc correlatron\ be- 
tween MFA dnd \pecrlrc gravrty wrll be requlred before 
proper \electron wergtit5 c,in be ,i\\rgned to each trart 

Future Kewarrh Need\ 
Thrj \tudy wa\ mear11 to provide ,in rnrttdl look at tlie 

genetrc rnfluence\ on MFA and rt\ rel,itron\htp wrth \pecrtlc 
gr 'ivrty. herght and dlariieter Aiidrtron,il work I \  nece\\ar y 
to ~rnder\tand the rmplrcatrori\ of including MPA a\ a se- 
lectrort cr rterrorl For ex'imple, more parent\ and tarnrlre\ 
need to be ex,imrned to rricrea\e the relrabrlrty of tlie results 
M'iny ot the genetrc correlatron\ were low ,~nd h'ld ex- 
tremely 1,ir ge e\trrn'ited \tand,trd el ror\, whrch c,lir\ed them 
to be nonsrgnrlrcdnt Sewell et '11 (2000) anci Brown et al 
(2001) rdentrfred QTL\ for \pecrfrc gravrty 'ind tor MFA 
t h ~ t  ~ii~tpped le\\ than 10 to 20 em 'ipa~t, suggesting 
genetrc relatron\h~p between the two trrtrts tn'iy exr\t Wrth 
dddrtron'il \ampllng, correlatron\, such those between 
MkA and specrt t~ gr'ivrty, t~iay prove to be \ignitrcant 
Also, the herttabrlrty of MFA and it\ rel,ttron\l.lip wrth 
\pecrtrc gr'lvity ,ind growth need\ to be examrned through- 
out the t ~ e e ,  not j ~ t j t  at bre't\t herght Megrdw (1985) noted 
thdt the core wood MFA In a grven I rrlg car1 be 15% gre'iter 



at the ba\e ot the tree than In the {ame rlng po\ltton further 
LIP the bole and that a\ a re\ult, the I-elatton\hrp between 
{peclt~c grdvtty and MFA 14 ditteient In the ba\e than in the 
re\t of the bole. Furthermore, the experiment need\ to be 
replicated dcro\\ \itc\ 40 that envtionmental tnfluence\ and 
genettc by envtronment~~l interactton\ can be identtfied 
Spcc11'1c gravity ha\ been {hown to vary by s ~ t e  (Ryrarn and 
Lowe 1988) and can cxpre\< a genotype X cnvtrotiinerit 
Interactton (Jett et a1 1991). The pr-e\ence of \tati\ttcally 
\~gntitcant block and SC'A X block elfects wrth~n locat~ons 
\ugge\t\ that there may a140 be \~gti~ficant envtronmental 
~nfluence\ on MFA as mell. 
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